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S C I E N T I F I C I N V E S T I G A T I O N S
S leep is an important modulator of reproductive hormone secretion. During the early stages of puberty, there is an increase in hypothalamic gonadotropin-releasing hormone (GnRH) and pituitary luteinizing hormone (LH) secretion in both girls and boys that initially occurs only during sleep. 1 The results of sleep-wake reversal studies, during which subjects remain awake at night and sleep during the day, indicate that LH secretion is related to sleep per se rather than to time of day. 2 The sleep-related augmentation of GnRH/LH secretion is responsible for the increases in testosterone (T) and estradiol secretion that drive pubertal development in boys and girls, respectively.
The impact of disordered sleep on the reproductive axis during adolescence is unknown. However, in adulthood, sleep fragmentation and/or nocturnal hypoxia secondary to obstructive sleep apnea (OSA) is associated with low sex steroid levels, [3] [4] [5] [6] [7] [8] which in some cases improve after correction of OSA with continuous positive airway pressure (CPAP) treatment or surgery. 3, 8, 9 These fi ndings raise concern that pediatric OSA, which affects 1% to 5% of children, 10 may also diminish reproductive hormone secretion during childhood, potentially interfering with normal pubertal maturation.
Obstructive Sleep Apnea (OSA) in Preadolescent Girls is Associated with Delayed Breast Development Compared to
Girls without OSA on the close temporal, and likely physiologic, connection between sleep and the reproductive axis during puberty, we hypothesized that children with OSA would have delayed puberty relative to controls.
METHODS
The TuCASA study protocol has been previously described in detail. 11 Briefly, nearly 500 Caucasian or Hispanic children, ages 6-11 years, without a chronic medical condition were recruited from the Tucson Unified School District and underwent unattended home polysomnography (PSG). Approximately 5 years later, 304 of the children completed a second in-home PSG study of acceptable quality. Height and weight were measured at each home study visit, and body mass index (BMI) percentiles and standard deviation scores were calculated using the 2000 U.S. Centers for Disease Control and Prevention childhood growth charts. 12 Children with BMI between the 85 th and 95 th %tile or ≥ 95 th %tile for age and gender were considered to be overweight or obese, respectively. 13 At each home visit, the presence of habitual snoring (defined as snoring loudly "frequently" or "almost always") was determined by parental report. At the second home study (follow-up) visit, 172 of the children completed a validated pubertal self-assessment questionnaire 14 without parental supervision that consists of simple line drawings based on photographs of the Tanner and Marshall standards for pubic hair and breast or genital development 15, 16 and a small amount of descriptive text. The 172 children who completed two home PSG studies and a pubertal assessment questionnaire at the follow-up study are the focus of this report.
Unattended overnight PSGs were obtained with the Compumedics PS-2 system (Abbotsford, Victoria, Australia) using the following signals: C3/A2 and C4/A1 electroencephalogram, right and left electrooculogram, a bipolar submental electromyogram, thoracic and abdominal displacement (inductive plethysmography band), airflow (nasal/oral thermistor), nasal pressure cannula, finger pulse oximetry, electrocardiography (single bipolar lead), snoring microphone, body position (Hg gauge sensor), and ambient light.
Scoring of sleep was performed by a single registered polysomnographic technologist using Rechtschaffen and Kales criteria. 17 Arousals were identified using the American Academy of Sleep Medicine criteria. 18 Apneas were scored if the amplitude (peak to trough) of the thermistor airflow signal decreased below 25% of the amplitude at baseline breathing (identified during a period of regular breathing with stable oxygen levels) > 6 sec or 2 breath cycles, as previously described. 11 Hypopneas were scored if the amplitude any respiratory signal decreased below 70% of the amplitude of baseline and if the thermistor signal did not meet the criterion for apnea. The respiratory disturbance index (RDI) was defined as the number of apneas and hypopneas associated with a 3% desaturation per hour of total sleep time (RDI 3%). OSA was defined as an RDI ≥ 1 event per hour of total sleep time based on our previous studies, 19 demonstrating that this degree of respiratory disturbance is clinically meaningful (e.g., associated with excessive daytime sleepiness and learning problems).
The TuCASA study was approved by the University of Arizona Institutional Review Board and the Tucson Unified School District Research Committee. Informed consent and assent was obtained from all parents and children, respectively, prior to participation.
Data Analysis
Student's t-test and the χ 2 test were used to compare sleep study parameters at baseline and follow-up (paired t-test) and between boys and girls (unpaired t-test). The effect of OSA at baseline on pubertal stage determined at follow-up was investigated using multiple linear regression, controlling for known predictors of pubertal development (age, BMI, and ethnicity). RDI was log-transformed prior to analysis to improve normality. Statistical analyses were performed using SigmaStat 11 (Systat Software Inc, San Jose, CA).
RESULTS
The study population consisted of 87 girls and 85 boys who were 8.9 ± 1.6 years old (mean ± SD) at the time of their baseline PSG study and 13.4 ± 1.6 years old at follow-up (Table 1) , with no difference in age between boys and girls. Sixty-eight percent of the cohort was Caucasian; 32% was Hispanic. Twenty-seven percent of children were overweight or obese at baseline with no differences between girls and boys, and the majority (83%) of these children remained obese at follow-up approximately 4 years later. Twenty-six percent of girls and 28% of boys met criteria for OSA (RDI ≥ 1 event/h with 3% desaturation) at baseline (RDI 3% of 1-6.6 in girls with OSA, 1-7.2 in boys with OSA). Parents reported habitual snoring in only 17% of children found to have OSA. At the follow-up study, OSA had persisted in 30% of the subjects diagnosed at baseline, and an additional 12 subjects were newly diagnosed with OSA, for a total of 26 subjects (RDI 3% of 1-5.3 in girls with OSA, 1-7.2 in boys with OSA). There was no difference in the percent of girls (26%) and boys (33%) with OSA at both baseline and followup. Only 2 children with OSA at baseline underwent tonsillectomy prior to follow-up, and no child was treated with CPAP. Self-assessment of Tanner staging at the follow-up visit revealed a median stage of 3 (range 1-5) for pubic hair and breast/ genital development in both boys and girls. RDI 3% at visit 1 had no effect on breast/genital stage ascertained at followup after controlling for age (β coefficient 0.4, p < 0.001), BMI Z-score at visit 2 (coefficient 0.1, p = 0.07), and ethnicity (coefficient -0.2, p = 0.2). However, when limited to girls, the same linear regression model revealed an inverse relationship between baseline RDI 3% and Tanner breast stage at followup, suggesting that OSA delays pubertal development in girls ( Table 2) . On average, girls with OSA at baseline were approximately one Tanner breast stage behind girls without OSA at the follow-up evaluation after controlling for age, BMI, and ethnicity. Higher BMI Z-scores at visit 2 were associated with advanced breast development, but there was no interaction between BMI and RDI 3%, indicating that OSA is associated with slowed pubertal progression in both lean and overweight/obese girls. Older age predicted more mature breast development, as expected, but ethnicity had no effect on Tanner breast stage ( Table 2) . Girls with OSA at baseline were heavier than girls without OSA (p < 0.01), but there were no differences in age, ethnicity, arousal index, total sleep time, sleep efficiency, or sleep macroarchitecture between the 2 groups ( Table 3) . There was no relationship between RDI 3% at follow-up and Tanner breast stage; however, this analysis was significantly limited by the small number of girls with OSA at follow-up (n = 9).
Similar analyses indicated that there was no relationship between OSA and genital development in boys although there was a trend of slightly more mature genital development (coefficient 1.2, p = 0.06) in boys with a history of OSA. However, this trend appears to have been driven by 2 boys without OSA with relatively delayed (Tanner I genitalia at age 13.1 years) or frankly delayed puberty (Tanner I genitalia at 15.1 years of age) at follow-up, as it was lost after exclusion of these 2 subjects. There was only one girl with delayed puberty, a 14.2-year-old girl with Tanner I breasts who did not have OSA, and her exclusion from the analysis in girls did not impact the results. There was no association between RDI 3% and pubic hair development when girls and boys were analyzed together or separately.
DISCUSSION
Following a prolonged period of childhood quiescence, the central driver of the reproductive axis-the hypothalamic GnRH neuron-reactivates, thereby initiating puberty. Intriguingly, the increase in reproductive hormone secretion during puberty initially occurs only during sleep. 1 The cause of this sleep-specific rise is unknown, but its conservation across a number of species suggests that it has physiologic significance. 20, 21 Furthermore, the sleep sensitivity of GnRH neurons is observed not only during their reactivation during puberty, but reappears in adulthood during the recovery phase of anorexia nervosa 22 and hypothalamic amenorrhea, 23 two disorders associated with a prolonged period of diminished GnRH activity.
Given the sensitivity of GnRH neurons to the sleep/wake state, we hypothesized that disordered sleep secondary to OSA would disrupt normal pubertal maturation. Indeed, the current study demonstrates that otherwise healthy preadolescent girls with OSA have delayed pubertal development relative to girls without OSA. Although the increase in GnRH activity with sleep occurs to the same degree in boys as in girls, the reproductive axis in boys appears to be more resistant to disorganized sleep, as OSA did not have a significant effect on pubertal maturation in boys. A similar gender difference in seen in the sensitivity of the reproductive axis to other stressors, such as exercise. Hypogonadism is common among female athletes (so-called hypothalamic amenorrhea) but is rare among male athletes. 24 OSA had no effect on pubarche (the development of pubic hair) in boys or girls. Although pubic hair and genital development occur simultaneously during adolescence, the two are independent processes, with pubic hair development driven primarily by adrenal androgen production and genital development driven solely by maturational changes within the brain. 25 An association between OSA and decreased sex steroid and/ or gonadotropin levels, as would be predicted to occur in adolescents with OSA and delayed puberty, has previously been reported in adults. Most, [3] [4] [5] [6] 8 but not all, 26, 27 studies demonstrate that men with moderate-to-severe OSA have significantly lower T levels than healthy controls and lower 5, 26 or inappropriately normal 3,4,8 LH levels. Of note, however, many of these studies have been limited by small sample sizes, differences in BMI and/or age between cases and controls, both of which influence serum T, and assessment of gonadal function based on single measurements of T, which is influenced by time of day, 28 or LH, which is secreted in a pulsatile manner. 29 Only one study has been conducted in adult women with OSA, 7 and like men with OSA, women with OSA were found to have lower sex steroid levels (estradiol and progesterone) than age-and BMI-matched controls after adjusting for menstrual cycle phase and pre-or postmenopausal status.
The cause of reproductive dysfunction among adults with OSA is unclear but has been attributed to the hypoxia and sleep fragmentation that characterize OSA. Several studies have demonstrated an inverse correlation between T level and the RDI 4,5 in men; however, studies of total sleep deprivation for 48 hours 30 or partial sleep deprivation and sleep fragmentation for 24 hours 31 reported no adverse effect on gonadotropin or T levels in healthy men. Sleep disruption studies have not yet been conducted in preadolescents whose reproductive axis would be expected to be more vulnerable to sleep disruption than that of adults, given the tight association between LH secretion and sleep during the early stages of puberty. 1 The negative correlation between T and the desaturation index in men with OSA and the finding that mean nocturnal oxygen saturation in men with and without OSA is independently associated with erectile dysfunction 32 also suggests that hypoxia may play a role in the lower T levels observed in men with OSA. In a rodent model, intermittent hypoxia without concomitant sleep deprivation activates the inflammatory cascade, increases free radical production, and induces neuronal apoptosis in the hippocampus and cortex 33 ; however, the effect of hypoxia on the hypothalamus, the seat of the central components of the reproductive axis, including kisspeptin and GnRH neurons, 34 has not yet been investigated. Studies are also necessary to determine whether hypoxia and/or sleep disruption explain the defects in reproductive hormone secretion in women with OSA, as observed in men.
In contrast to the above studies in adults with moderate to severe OSA, the children in the current study had relatively mild OSA (RDI 3% 1-7.2) based on conventional scoring methods. However, it is well recognized that standard PSG measures in children, including arousals and the percent time spent in each sleep stage (as were measured in the current study) are likely to underestimate the degree of sleep disruption as they do not correlate with measures of neurobehavioral morbidity. 35, 36 This concept has led to the suggestion that alternative measures, such as the number of subcortical arousals identified by spectral analysis, 37 sleep dynamics analyses, 38 and autonomic arousal measures, 39, 40 be incorporated into the interpretation of pediatric PSG studies. The use of these more sensitive measures may also help explain why LH pulses, which occur most frequently during slow-wave sleep and rarely during REM sleep during puberty, 41 might be diminished in children with OSA who have the greatest number of obstructive events during REM. 42 Thus, although the children in the current study appear to have mild OSA according to standard scoring methods, current methods may miss arousals and/or subtle defects in sleep architecture that can explain the detrimental effect of OSA on the reproductive axis in girls during puberty.
Due to the large scale and home-centered approach of the TuCASA study, pubertal staging was determined by a selfassessment questionnaire rather than by a physician's physical examination. It is therefore possible that the present findings are due to an underestimation of pubertal development among girls with OSA. However, a number of studies have demonstrated that adolescent girls (and boys) can accurately determine their degree of pubertal maturation to within one Tanner stage of a trained examiner's assessment using a selfassessment questionnaire that is based on line drawings of pubertal stages. [43] [44] [45] While girls with and without OSA were of similar age and ethnic background, girls with OSA were more likely to be overweight or obese. Obesity, however, would be expected to lead to an overestimation rather than underestimation of true breast development, in part due to the difficulty in distinguishing lipomastia from true breast tissue. In a study of 135 girls (mean age 9.3 years), Bonat et al. found that obese girls significantly overestimated their actual breast size (by 0.5 Tanner stages) 46 ; other investigators, however, have found that BMI does not bias pubertal assessment in either direction in girls. 45, 47, 48 Lastly, although we controlled for BMI in our regression model, the increased incidence of obesity among girls with OSA would be expected to have accelerated, rather than delayed, pubertal development, as recent studies have demonstrated that obese girls enter puberty at a slightly younger age than normal weight girls. 49 Thus, our estimate of the effect of OSA on female pubertal development is likely to be conservative.
In summary, the current study demonstrates that OSA among preadolescent girls is associated with relatively delayed pubertal maturation. The pathophysiological connection between OSA and the reproductive axis is unknown, but the critical role of the hypothalamus in pubertal development suggests that hypoxia and/or sleep fragmentation may have direct effects on the brain. A central mechanism of action is also suggested by the neuropsychological deficits found in children with OSA 50 and more recently, by magnetic resonance spectroscopy studies demonstrating neuronal metabolite alterations in children with OSA. 51 While in the current study Tanner breast stage at follow-up remained within the normal range in girls with a history of OSA despite a significant delay relative to girls without OSA, future studies will be necessary to address the important question of whether or not childhood OSA has any long-term effects on the reproductive axis beyond early adolescence.
